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Abstract
Objective: This study aimed to evaluate blood volatile organic compound (VOC) levels as 
biomarkers of occupational jet propulsion fuel 8 (JP-8) exposure while controlling for smoking.
Methods: Among 69 Air Force personnel, post-shift blood samples were analyzed for 
components of JP-8, including ethylbenzene, toluene, o-xylene, and m/p-xylene, and for the 
smoking biomarker, 2,5-dimethylfuran. JP-8 exposure was characterized based on self-report and 
measured work shift levels of total hydrocarbons in personal air. Multivariate regression was used 
to evaluate the relationship between JP-8 exposure and post-shift blood VOCs while controlling 
for potential confounding from smoking.
Results: Blood VOC concentrations were higher among US Air Force personnel who reported 
JP-8 exposure and work shift smoking. Breathing zone total hydrocarbons was a significant 
predictor of VOC blood levels, after controlling for smoking.
Conclusions: These findings support the use of blood VOCs as a biomarker of occupational 
JP-8 exposure.
Jet propulsion fuel 8 (JP-8) is a complex, kerosene-based chemical mixture composed of 
more than 200 aliphatic and aromatic hydrocarbons.1 More than 5 billion gallons of JP-8 are 
used every year by US and North Atlantic Treaty Organization militaries for fueling aircraft, 
ground vehicles, and support equipment, making it potentially the single largest source of 
chemical exposure for military personnel. Personal exposure assessment has proved 
challenging because of the complex composition of JP-8, and has focused on using surrogate 
measures of exposure including self-reported exposure2,3 and biomarkers of exposure.2–12 
These studies have shown a wide range in the levels of exposure to JP-8 among US Air 
Force (USAF) personnel, with the highest occurring among those who report routine 
occupational exposure to jet fuel.
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Self-reported exposure to JP-8 was found to be associated with total hydrocarbons (THCs) 
in personal breathing zone air samples.2,3 Similarly, previous studies have demonstrated that 
THCs in personal air samples were associated with other biomarkers of JP-8 exposure, 
including levels of volatile organic compounds (VOCs) in exhaled breath4,7,9 and 1- and 2-
napthols in urine.6,9–12 Although these exposure assessment methods are noninvasive, 
certain methods only monitor a single route of exposure, and differences among individuals 
and dynamic environmental factors only permit approximating body burden of VOCs and 
their metabolites.
The National Health and Nutrition Examination Survey monitors levels of VOCs in blood 
collected from a representative sample of the US population.13,14 Measuring VOC exposure 
levels in blood is important because it provides an estimate of total absorbed dose from 
multiple routes of exposure (ie, dermal, inhalation) and a biologically relevant measure of 
VOCs that potentially can reach target organs such as the brain, liver, and kidneys.13 Most 
half-lives for VOCs in blood are bi-phasic and on the time course of hours; however, half-
life increases in repeated exposure scenarios such as occupational exposure.15 To date, no 
studies have characterized blood VOCs in USAF personnel with occupational exposure to jet 
fuel or assessed their relationship with personal measures of JP-8 exposure (eg, THC in 
personal air samples).
Certain VOCs that make up fuel such as JP-8 are also abundant in cigarette smoke,14,16 
gasoline,17 and other organic solvents,18 which also can affect levels of VOCs in blood. In a 
US Department of Defense health behavior study, approximately one third of US service 
members reported any cigarette use in the last month.19 In many of the studies examining 
USAF personnel JP-8 exposure, smoking also has been significantly associated with 
measured levels of JP-8 constituents in personal air2 and urine biomarkers,6,9–12 
confounding the association between JP-8 exposure and blood VOC levels in active duty 
military personnel exposed to JP-8.
The overall goal of this study was to evaluate VOCs in blood as a biomarker for 
characterizing exposure to JP-8. Specifically, the objectives were to characterize VOCs in 
blood among a population of USAF personnel exposed to JP-8, and evaluate self-reported 
work shift JP-8 exposure and measured personal exposure to THC as predictors of VOCs in 
blood, while for controlling for the effect of smoking on VOC levels in blood.
METHODS
We recruited 74 active duty personnel who served at least 6 months in the USAF from three 
bases according to their Air Force Specialty Code and current job tasks (ie, administrative, 
aircraft structural maintenance, fuel systems maintenance) such that some participants were 
expected to have higher exposure to JP-8 and other participants were expected to have lower 
exposure to JP-8. Persons with a self-reported history of loss of consciousness for more than 
20 minutes or known neurological or psychological disorder(s) were excluded from the 
study. The parent study included a 6-day protocol designed to assess JP-8 exposure and 
central nervous system functioning in active duty USAF personnel.20 Blood samples were 
only collected at the end of shift on day 5 (Thursday) of the week-long sampling 
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investigation and were available for 69 of the 74 participants. Accordingly, this investigation 
focuses on the 69 workers who provided a blood sample on day 5. The study protocol was 
approved by institutional review boards at the US Army Research Institute of Environmental 
Medicine, USAF Research Laboratory at Wright Patterson Air Force Base and Boston 
University, and was in compliance with human subjects review procedure at the Centers for 
Disease Control and Prevention. Written informed consent was obtained from all 
participants.
Personal Air Samples
Personal air samples were collected and extracted in accordance with National Institute for 
Occupational Safety and Health Method 1550 (Cincinnati, OH) for THC.21 Methods for 
personal air sampling and laboratory analysis are described in detail by Merchant-Borna et 
al2 and Smith et al.3 In brief, participants wore a battery-operated personal air sampling 
pump (Casella Apex Pro IS; Casella USA, Amherst, NH) that was attached to a two-section 
(100/50 mg) coconut shell charcoal tube (Anasorb; SKC Inc, Eight Four, PA) clipped to the 
lapel of each subject near their breathing zone (flow rate = 0.2 L/min). The personal air-
sampling pump was turned off and sealed during breaks from job tasks when the participant 
left the work area (eg, during lunch and cigarette breaks), and when participants were 
required to put on respirators to perform certain job tasks. Samples were analyzed for THC 
at the Organic Chemistry Analytical Laboratory (Harvard School of Public Health, Boston, 
MA) using gas chromatography with flame ionization detection.21 THC concentrations 
determined to be below the limit of detection (LOD), calculated as three times the standard 
deviation of the field blanks, and were replaced with a value of half the LOD. Air 
concentrations of THC are reported as 8-hour time-weighted averages (TWAs) in mg/m3 to 
account for difference in work shift length.
A data logger (HOBO; Onset Computer Corporation, Bourne, MA) was attached to each 
worker to obtain air temperature and relative humidity measurements in 15-minute intervals 
through the duration of each work shift. Air temperature and relative humidity 
measurements were averaged across an 8-hour work shift.
Blood VOCs
After the same work shift in which air samples were collected, a trained phlebotomist 
obtained a blood sample (20 mL total or less) from each worker. Samples were collected in 
specially prepared BD Vacutainer tubes (Becton, Dickinson and Company, Franklin Lakes, 
NJ) and sent to the Centers for Disease Control and Prevention laboratory for analysis. 
Using automated solid-phase microextraction coupled with capillary gas chromatography 
and quadrupole mass spectrometry, blood samples were analyzed for trace level amounts of 
the following 11 VOCs: n-hexane, n-heptane, n-octane, benzene, 1,4-dicholorobenzene, 
ethylbenzene, methyl tert-butyl ether, styrene, toluene, o-xylene, and m/p-xylene.17,22 Blood 
samples were also analyzed for 2,5-dimethylfuran, a highly specific combustion biomarker 
of cigarette smoke exposure for daily smokers or nonsmokers exposed to environmental 
tobacco smoke, using the same method.14,23 Concentrations of blood analytes are reported 
in μg/L.
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Questionnaires
Participants completed a baseline questionnaire providing information about demographics 
and smoking, as well as occupational, military, and health history. Before starting the work 
shift, participants completed a brief questionnaire asking about chemical exposures from the 
previous evening and the morning. The pre-shift survey asked “Since we last saw you have 
you been to the gas station and filled up your car (self-service)?” (yes/no).
At the end of the work shift, participants completed another brief questionnaire that included 
a section for participants whose “job involved direct exposure to JP-8 during the work shift.” 
If participants completed this section, this was considered self-reported work shift JP-8 
exposure. The post-shift questionnaire also asked about contact with other solvents and 
chemicals, use of protective equipment, and tobacco use during the work shift. On this 
survey, participants were asked to report whether they had worked with gasoline, cutting or 
lubricating oils, coolants or anti-freeze, degreasers or other cleaners, organic solvents, 
mineral spirits, and/or epoxy or adhesives (yes/no). The questionnaire also asked, “How 
many cigarettes have you had during today’s work shift?” Response options included 
“none,” “quarter-pack,” “half-pack,” “1 pack,” “1+ to 2 packs,” and “2+ packs.” Because of 
the lack of diversity in responses and the small number who smoked a half pack or more, we 
lacked statistical power for an analysis of the influence of fractional pack. Of the 23 persons 
who reported smoking during their work shift, 20 indicated that they had smoked a quarter-
pack and three indicated they had smoked a half-pack of cigarettes during the work shift. 
Responses were dichotomized according to yes/no responses for smoking during the work 
shift for the data analysis.
Data Analysis
Statistical analyses focused on five VOCs that were detected above the LOD in at least 50% 
of the blood samples for both self-reported exposure groups: 2,5-dimethylfuran, 
ethylbenzene, toluene, o-xylene, and m/p-xylene. Blood VOC concentrations below the 
analytical LOD were replaced with a calculated value of the LOD/SQRT(2). Distribution of 
personal air and blood concentrations were right-skewed, so the data were transformed with 
the natural log function before statistical analyses. THCs in personal air and VOCs in blood 
were analyzed using descriptive statistics, and t test compared mean concentrations between 
workers who reported JP-8 exposure and those who reported no exposure. Blood VOCs also 
were compared between USAF personnel who smoked during the work shift and those who 
did not using the same method.
Air concentrations were natural log-transformed to reduce skewness for the correlation 
analysis and blood concentrations were natural log-transformed for both correlation and 
regression analyses. Pearson correlations were used to estimate the strength of the 
relationship between THC concentrations in air and VOC concentrations in blood. Multiple 
linear regression models examined the association between blood VOC levels and two 
surrogate measures of JP-8 exposure: categorical self-reported work shift jet fuel exposure 
(yes/no) and 8-hour TWA THC (mg/m3). To control for cigarette smoking, two variables 
were considered in separate models: categorical self-reported cigarette smoking during the 
work shift (yes/no) and 2,5-dimethylfuran in blood (μg/L). USAF base and relative humidity 
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were included as covariates in all models. A model was fit for each of the VOCs measured in 
blood.
Mean air temperature, self-service at a gas station, age, and body mass index of participant 
were also considered as possible covariates. These covariates were not significant predictors 
of blood VOCs in either regression model and were not included in the final models. We 
considered conducting a post-hoc analysis to include exposure to other chemicals endorsed 
on the post-shift survey as possible covariates in our regression models; however, the sample 
size was small for those reporting the additional exposures (n = 5 or less), and therefore not 
performed. All statistical analyses were conducted using SAS statistical software version 9.2 
(SAS Institute, Cary, NC).
RESULTS
Table 1 shows demographics for the 69 study participants. On average, the USAF personnel 
participating in this study were 25.3 years old and had spent 5.3 years in the USAF. The 
majority of participants were white males in the lower enlisted ranks. Significantly, more 
men than women reported work shift JP-8 exposure. Significantly, more JP-8 exposed 
individuals reported smoking during the work shift (χ2 = 5.71 (1 df), P = 0.02). Work shift 
exposure to JP-8 did not differ by other demographic factors.
Table 2 shows post-shift VOC concentrations in blood by self-reported JP-8 exposure and 
shift cigarette smoking. 2,5-dime-thylfuran, a biomarker for cigarette smoking, was detected 
in 91% of the samples for persons who reported smoking during the work shift. The 
geometric mean (GM) concentrations of 2,5-dimethylfuran (P < 0.0001), toluene (P = 
0.0001), o-xylene (P = 0.005), and m/p-xylene (P = 0.0006) in blood were significantly 
higher among participants who reported smoking during the work shift. Similarly, the GM 
concentrations of toluene (P = 0.003), o-xylene (P = 0.0003), and m/p-xylene (P < 0.0001) 
in blood were significantly higher among participants who reported exposure to JP-8.
Concentrations of THC in personal air samples were significantly higher among participants 
who self-reported jet fuel exposure (GM = 4.40 mg/m3) than among those who did not (GM 
= 0.46 mg/m3) (P < 0.0001). In this sample of workers, personal air THC concentrations 
were strongly correlated with blood levels of o-xylene (r = 0.7) and m/p-xylene (r = 0.7), 
moderately correlated with blood concentrations of toluene (r = 0.5), and weakly correlated 
with ethylbenzene (r = 0.3) (Fig. 1). When participants smoked, they removed their personal 
air-sampling pumps. Consequently, the correlations between 8-hour TWA THC levels and 
blood levels of 2,5-dimethylfuran were negligible (r = 0.2).
Table 3 presents regression models evaluating predictors of ethylbenzene, toluene, o-xylene, 
and m/p-xylene in blood. Model 1 examined self-reported work shift exposure to JP-8 as a 
predictor of the individual blood VOCs, while controlling for self-reported shift cigarette 
smoking, USAF base (Base A [reference], Base B, or Base C), and mean relative humidity. 
Work shift jet fuel exposure was a significant predictor for o-xylene and m/p-xylene in 
blood. There was a positive association between work shift JP-8 exposure and ethylbenzene 
and toluene, but the association did not reach statistical significance. Smoking during the 
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shift was a significant predictor for all analyzed blood VOCs, and participants at USAF Base 
B had significantly higher blood VOC concentrations compared with participants from the 
other USAF bases (Table 3, Model 1).
Model 2 was used to evaluate THC in personal air samples as a predictor of individual blood 
VOCs, while controlling for cigarette smoking using the blood biomarker 2,5-dimethylfuran, 
USAF base, and mean relative humidity (Table 3). THC in personal air was a significant 
predictor for ethylbenzene, toluene, o-xylene, and m/p-xylene in blood. The measure of 
cigarette smoking, blood levels of 2,5-dimethylfuran, remained significant in all models, 
with the exception of o-xylene. Model 2 explained a larger portion of the variance in the 
blood VOCs than did Model 1, with adjusted R2 values ranging from 63% (toluene) to 82% 
(ethylbenzene).
To further evaluate confounding from cigarette smoking, Model 2 was re-run only among 
USAF personnel who did not smoke during the work shift (n = 46), and 2,5-dimethylfuran 
was excluded as a covariate (data not shown). For each of the JP-8 components, parameter 
estimates for 8-h TWATHC and adjusted R2 were consistent with results in Table 3.
DISCUSSION
VOCs in blood can serve as biomarkers of JP-8 exposure over a work shift in USAF 
personnel. Specifically, of the VOCs measured, o-xylene and m/p-xylene appear to be the 
most appropriate blood biomarkers of JP-8 exposure. This is based on their strong 
correlations with THC in personal air, and results of the regression model that indicated that 
THC concentration was a significant predictor of o-xylene and m/p-xylene. Also, results 
showed that self-reported work shift jet fuel exposure was a good predictor of o-xylene and 
m/p-xylene. Because the half-life of VOCs in blood is on the time course of several hours, 
we used an exposure measure self-reported during the same work shift as the collection of 
the blood sample. THC concentration in the personal breathing zone measured over a work 
shift was a better predictor of ethylbenzene and toluene than self-reported exposure, 
potentially indicating another source of VOC exposure other than jet fuel.
We explored the role of several potential confounders, particularly cigarette smoke. 
Significantly, more individuals exposed to JP-8 during the day 5 work shift also smoked 
during that shift. We used two different variables to control for the effect of smoking on 
VOC levels in blood: self-reported smoking during the work shift and concentration of 2,5-
dimethylfuran in blood. Self-reported smoking during the work shift corresponded well with 
smoking biomarker 2,5-dimethylfuran. Among the 23 participants who smoked during their 
work shift, 21 (91%) had detectable levels of 2,5-dimethylfuran and 20 (87%) had a blood 
concentration of 2,5-dimethylfuran 0.014 μg/L or more, the CDC cutoff for classifying a 
daily smoker smoking the equivalent of one cigarette per day.14 Blood levels of 2,5-
dimethylfuran can be affected by several factors not captured by our questionnaires, 
including environmental tobacco smoke, brand style of cigarette, time since last cigarette, 
and cigarettes smoked per day. In our study, cigarette usage was categorized to the nearest 
fractional pack, rather than cigarettes per day, to simplify the estimation of cigarettes 
smoked during shift by participants and to utilize an inherent categorization established by 
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smokers. Information regarding brand and style of cigarette smoked or exact time since the 
previous cigarette was not obtained.
The USAF base at which personnel worked was also a significant predictor of VOCs in 
blood. Participating personnel at USAF Base B had significantly higher levels of all the 
analyzed blood VOCs compared with those at other USAF base locations. There could be 
multiple factors contributing to the differences in VOC exposure by location. First, JP-8 
composition can vary based on batch and can also be altered based on performance needs 
and type of aircraft maintained at a particular location.24 Second, exposure could be affected 
by specific job task being performed and differences in use of personal protective equipment 
(PPE) (eg, tasks requiring respirators). Certain tasks may require the use of other solvents 
and chemicals. We could not analyze exposure to other chemicals because of small sample 
size endorsing their use during the work shift (n = 5 or less). Lastly, personal air levels of 
THC capture occupational exposure to VOCs via inhalation; however, air sampling pumps 
were turned off while respirators were in use. Respirator use decreases inhalation exposure, 
but past studies have found that dermal exposure can also be an important route of VOC 
exposure.8,25 Blood biomarkers can provide a measure for both inhalation and dermal 
exposure.
CONCLUSIONS
This study demonstrates that VOCs in blood reflect occupational exposure to JP-8 during a 
work shift. USAF personnel who reported occupational exposure to JP-8 had higher 
concentrations of blood VOCs than did personnel who did not report occupational contact 
with JP-8. Higher concentrations of THC in personal air samples were significantly 
associated with higher levels of VOCs in blood, even after controlling for smoking and other 
potential confounders. Although more invasive, detection of VOCs in blood offers an 
estimate of absorbed dose from multiple routes of exposure and a direct measure of body 
burden compared with detection of these compounds in personal breathing zone samples. 
These observations support the use of blood VOCs as a biomarker of occupational exposure 
to fuels such as JP-8.
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FIGURE 1. 
Correlation on log-scale between concentrations of personal air total hydrocarbons and 
blood volatile organic compounds in sampled US Air Force personnel (n = 69).
Definitions: r = Pearson correlation coefficient; THC = total hydrocarbons; TWA = time-
weighted average.
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TABLE 1.
Demographics of Participating USAF Personnel Tested for Volatile Organic Compounds in Blood (n = 69)
Continuous Variables Mean (Standard Deviation) Range
Age, yrs 25.3 (6.0) 18.6–43.0
Body mass index 26.1 (3.4) 17.8–34.4
Years active USAF service 5.31 (5.2) 0.5–20.0
Categorical variables No. (%)
Cigarette(s) smoked during shift
 Yes 23 (33.3)
 No 46 (66.7)
Day 5 work shift jet fuel exposure
 Yes 37 (53.6)
 No 32 (46.4)
USAF base
 Base A 20 (29.0)
 Base B 17 (24.6)
 Base C 32 (46.4)
Rank
 Airmen (lower enlisted ranks) 45 (65.2)
 Non-commissioned officers (higher enlisted ranks) 24 (34.8)
Sex
 Men 58 (84.1)
 Women 11 (15.9)
Ethnicity
 White 49 (71.0)
 Non-white 20 (29.0)
USAF, US Air Force.
J Occup Environ Med. Author manuscript; available in PMC 2020 March 23.
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
Maule et al. Page 12
TA
B
LE
 2
.
V
O
C 
Bl
oo
d 
Co
nc
en
tra
tio
ns
 fo
r S
am
pl
ed
 U
S 
A
ir 
Fo
rc
e 
Pe
rs
on
ne
l (
n=
69
)
C
ig
ar
et
te
(s)
 Sm
ok
ed
 D
ur
in
g 
Sh
ift
D
ay
 5
 W
o
rk
 S
hi
ft 
JP
-8
 E
xp
os
ur
e
Ye
s 
(n
 = 
23
)
N
o 
(n
 = 
46
)
Ye
s 
(n
 = 
37
)
N
o(n
 = 
32
)
A
na
ly
te
 (μ
g/L
)
LO
D
%
 D
et
ec
t
G
M
 (G
SD
)
R
an
ge
%
 D
et
ec
t
G
M
 (G
SD
)
R
an
ge
%
 D
et
ec
t
G
M
 (G
SD
)
R
an
ge
%
 D
et
ec
t
G
M
 (G
SD
)
R
an
ge
2,
5-
di
m
et
hy
lfu
ra
n
0.
01
12
91
0.
04
 (2
.6)
<
LO
D
-0
.2
7
0.
01
 (1
.6)
<
LO
D
-0
.0
6
46
0.
02
 (2
.8)
<
LO
D
-0
.2
6
22
0.
01
 (2
.5)
<
LO
D
-0
.1
5
O
ct
an
e
0.
1
30
0.
11
 (2
.1)
<
LO
D
-0
.5
5
11
0.
08
 (1
.5)
<
LO
D
-0
.4
4
30
0.
10
 (2
.0)
<
LO
D
-0
.5
5
3
0.
10
(1.
1)
<
LO
D
-0
.1
5
Is
op
ro
py
lb
en
ze
ne
0.
04
30
0.
04
 (1
.8)
<
LO
D
-0
.2
2
11
0.
03
 (1
.5)
<
LO
D
-0
.1
3
30
0.
04
 (1
.8)
<
LO
D
-0
.2
2
3
0.
03
(1.
2)
<
LO
D
-0
.0
8
B
en
ze
ne
0.
02
4
96
0.
11
 (2
.1)
<
LO
D
-0
.4
1
22
0.
02
(1.
9)
<
LO
D
-0
.1
2
65
0.
05
 (2
.7)
<
LO
D
-0
.4
1
25
0.
03
 (2
.3)
<
LO
D
-0
.2
5
Et
hy
lb
en
ze
ne
0.
02
4
96
0.
19
 (3
.8)
<
LO
D
-1
.6
5
70
0.
11
 (5
.1)
<
LO
D
-1
.8
1
86
0.
17
 (4
.8)
<
LO
D
-1
.8
1
69
0.
10
 (4
.4)
<
LO
D
-1
.2
1
To
lu
en
e
0.
02
5
96
0.
33
 (2
.6)
0.
02
–1
.1
5
91
0.
09
 (3
.6)
<
LO
D
-2
.7
6
97
0.
22
 (3
.4)
<
LO
D
-2
.7
6
88
0.
09
 (3
.4)
<
LO
D
-0
.6
8
o
-
x
yl
en
e
0.
02
4
96
0.
11
 (3
.0)
<
LO
D
-1
.1
6
80
0.
05
 (2
.7)
<
LO
D
-0
.6
3
92
0.
10
 (3
.4)
<
LO
D
-1
.1
6
78
0.
04
 (2
.0)
<
LO
D
-0
.3
0
m
-
/p
-
x
yl
en
e
0.
03
35
96
0.
35
 (3
.0)
0.
02
–3
.1
94
0.
13
 (3
.0)
<
LO
D
-1
.6
2
10
0
0.
30
 (3
.3)
0.
05
–3
.1
1
88
0.
10
 (2
.4)
<
LO
D
-0
.8
0
G
M
, g
eo
m
et
ric
 m
ea
n;
 G
SD
, g
eo
m
et
ric
 st
an
da
rd
 d
ev
ia
tio
n;
 JP
-8
, je
t p
rop
uls
ion
 fu
el 
8; 
LO
D,
 lim
it o
f d
ete
cti
on
; N
D,
 no
t d
ete
cte
d; 
VO
C,
 v
o
la
til
e 
or
ga
n
ic
 c
om
po
un
ds
.
J Occup Environ Med. Author manuscript; available in PMC 2020 March 23.
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
Maule et al. Page 13
TA
B
LE
 3
.
M
od
el
s*
 
Ev
al
ua
tin
g 
Pr
ed
ic
to
rs
 o
f V
O
C 
Bl
oo
d 
Le
v
el
s i
n 
Sa
m
pl
ed
 U
SA
F 
Pe
rs
on
ne
l (
n =
 69
)
Et
hy
lb
en
ze
ne
 (μ
g/L
)†
To
lu
en
e 
(μ
g/L
)†
o
-
x
yl
en
e 
(μ
g/L
)†
m
-/p
-x
yl
en
e 
(μ
g/L
)†
M
od
el
/V
a
ri
ab
le
s
β (
SE
)
P 
Va
lu
e
β (
SE
)
P 
Va
lu
e
β (
SE
)
P 
Va
lu
e
β (
SE
)
P 
Va
lu
e
M
od
el
 1
 
In
te
rc
ep
t
−
4.
28
 (0
.42
)
<
0.
00
01
−
3.
83
 (0
.49
)
<
0.
00
01
−
5.
18
 (0
.41
)
<
0.
00
01
−
4.
40
 (0
.42
)
<
0.
00
01
 
JP
-8
 ex
po
su
re
 (y
es/
no
)
0.
31
 (0
.22
)
0.
16
0.
43
 (0
.26
)
0.
10
0.
52
 (0
.22
)
0.
02
0.
58
 (0
.22
)
0.
01
 
Sh
ift
 c
ig
ar
et
te
 s
m
ok
in
g 
(ye
s/n
o)
0.
43
 (0
.21
)
0.
05
1.
13
 (0
.25
)
<
0.
00
01
0.
48
 (0
.21
)
0.
03
0.
73
 (0
.21
)
0.
00
1
 
U
SA
F 
ba
se
 A
R
ef
R
ef
R
ef
R
ef
 
U
SA
F 
ba
se
 B
3.
44
 (0
.26
)
<
0.
00
01
1.
65
 (0
.31
)
<
0.
00
01
1.
45
 (0
.25
)
<
0.
00
01
1.
59
 (0
.26
)
<
0.
00
01
 
U
SA
F 
ba
se
 C
−
0.
05
 (0
.58
)
0.
93
−
0.
97
 (0
.68
)
0.
16
−
0.
41
 (0
.57
)
0.
47
−
1.
04
 (0
.59
)
0.
08
 
M
ea
n 
re
la
tiv
e 
hu
m
id
ity
0.
03
 (0
.02
)
0.
09
0.
03
 (0
.02
)
0.
09
0.
04
 (0
.02
)
0.
00
6
0.
05
 (0
.02
)
0.
00
1
 
Su
m
m
ar
y 
A
dju
ste
d R
2
0.
74
0.
50
0.
5/
0.
55
M
od
el
 2
 
In
te
rc
ep
t
−
3.
57
 (0
.37
<
0.
00
01
−
3.
24
 (0
.45
)
<
0.
00
01
−
4.
26
 (0
.34
)
<
0.
00
01
−
3.
54
 (0
.38
)
<
0.
00
01
 
8-
h 
TW
A
 T
H
C 
(m
g/m
3 )
0.
04
 (0
.01
)
<
0.
00
01
0.
03
 (0
.01
)
<
0.
00
01
0.
04
 (0
.01
)
<
0.
00
01
0.
04
 (0
.01
)
<
0.
00
01
 
2,
5-
di
m
et
hy
lfu
ra
n 
(μg
/L
)
3.
76
 (1
.78
)
0.
04
13
.3
2 
(2.
17
)
<
0.
00
01
0.
45
 (1
.67
)
0.
79
4.
65
 (1
.86
)
0.
02
 
U
SA
F 
ba
se
 A
R
ef
R
ef
R
ef
R
ef
 
U
SA
F 
ba
se
 B
3.
36
 (0
.22
)
<
0.
00
01
1.
55
 (0
.26
)
<
0.
00
01
1.
38
 (0
.20
)
<
0.
00
01
1.
50
 (0
.23
)
<
0.
00
01
 
U
SA
F 
ba
se
 C
0.
44
 (0
.46
)
0.
34
−
0.
77
 (0
.56
)
0.
17
0.
12
 (0
.43
)
0.
79
−
0.
64
 (0
.48
)
0.
19
 
M
ea
n 
re
la
tiv
e 
hu
m
id
ity
0.
00
3 
(0.
01
)
0.
81
0.
02
 (0
.02
)
0.
13
0.
02
 (0
.01
)
0.
13
0.
03
 (0
.01
)
0.
03
 
Su
m
m
ar
y 
A
dju
ste
d R
2
0.
82
0.
63
0.
69
0.
67
JP
-8
, je
t p
rop
uls
ion
 fu
el 
8; 
Re
f, r
efe
ren
t; S
E, 
sta
nd
ard
 er
ror
; T
HC
, to
tal
 hy
dr
oc
ar
bo
ns
; T
W
A
, t
im
e-
w
ei
gh
te
d 
av
er
ag
e;
 U
SA
F,
 
U
S 
A
ir 
Fo
rc
e;
 V
O
C,
 v
o
la
til
e 
or
ga
n
ic
 c
om
po
un
ds
.
M
od
el
 1
: w
ith
 se
lf-
re
po
rte
d 
ci
ga
re
tte
 u
se
 (s
hif
t c
iga
re
tte
 s
m
ok
in
g 
[y
es
/no
]) 
an
d d
ay
 5 
JP
-8 
ex
po
su
re
 (y
es/
no
).
M
od
el
 2
: w
ith
 m
ea
su
re
d 
JP
-8
 (8
-h 
TW
A
 T
H
C 
[m
g/m
3 ]
) a
nd
 ci
ga
re
tte
 s
m
ok
e 
ex
po
su
re
 (2
,5-
dim
eth
yl
fu
ra
n 
[μ
g/L
]).
*
M
ul
tip
le
 li
ne
ar
 re
gr
es
sio
n.
† N
at
ur
al
 lo
g-
tra
ns
fo
rm
ed
.
J Occup Environ Med. Author manuscript; available in PMC 2020 March 23.
